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SUMMARY 


Body  size  accommodation  in  USAF  cockpits  remains  a  significant  problem  despite  the 
years  of  research  and  the  many  aircraft  designs  that  have  been  developed.  Adequate  reach  to 
controls,  body  clearances  (particularly  during  escape),  and  vision  (internal  and  external),  are  all 
functions  of  pilot  body  size  and  position  in  the  cockpit. 

Among  the  roots  of  the  problem  are  the  errors  and  limitations  inherent  in  traditional 
approaches  (such  as  percentiles)  for  specifying  and  testing  cockpit  accommodation.  This  paper 
describes  a  multivariate  alternative  for  describing  the  body  size  variability  existing  in  a  given 
flying  population.  A  number  of  body  size  "representative  cases"  are  calculated  which,  when  used 
properly  in  specifying,  designing,  and  testing  new  aircraft,  ensure  the  desired  level  of 
accommodation. 

The  approach  can  be  adapted  to  provide  anthropometric  descriptions  of  body  size 
variability  for  a  great  many  designs  or  for  computer  models  of  the  human  body  by  altering  the 
measurements  of  interest  and/or  selecting  different  data  sets  describing  the  anthropometry  of  a 
user  population. 


THIS  PAGE  LEFT  BLANK  INTENTICmLLY . 


viii 


A  MULTIVARIATE  ANTHROPOMETRIC  METHOD  FOR 
CREW  STATION  DESIGN 


INTRODUCTION 

TTie  recent  development  ot'  computer  models  ot  the  human  body  tor  describing 
dimensional  variability  ot  military  personnel  has  advanced  beyond  current  methods  to  describe 
and  use  available  anthropometric  data.  In  tact,  anthroprimetric  data  are  generally  used  to 
estimate  only  the  extremes  ot  univariate  (single  variable)  distributions  ot  a  tew  gross  dimensions, 
with  little  provision  tor  individuals  with  unusual  anthropometric  proportions  (Roebuck  et  al,, 
1975).  Since  extreme  ratios  (e.g.  long  buttock-knee  length  coupled  with  short  sitting  height) 
present  the  most  dittieult  design  problems  tor  accommodation  in  workstations  or  tor  protective 
equipment,  univariate  percentile  rankings  tor  user  populations  are  inappropriate,  except  tor  the 
most  general  description  ot  international  anthropometric  variability. 

Subgroup  methods,  which  identity  and  select  individuals  atypical  in  combinations  ot  two 
or  more  variables,  partly  address  this  issue.  However,  the  severe  sample  truncations  used  in  this 
method  require  initially  massive  data  bases.  This  is  especially  true  it  subgroups  are  defined  by 
the  outermost  regions  ot  joint  distributions  ot  more  than  two  variables. 

Regression  methods  predict  body  proportions  that  are  realistic  as  well  as  segment  sizes 
that  are  additive  (Robinette  ;md  McConville,  1981).  These  approaches  require  that  one  or  two 
"key  "  dimensil'ns  be  chosen  as  independent  variables.  Yet  all  human  body  measures  are  "tree  to 
vary"  in  an  experimental  sense,  and  theretore  serv'C  poorly  as  regressors.  This  problem  can  be 
particularly  pronounced  in  those  instances  in  which  standard  deviations  trom  regression  are 
large  (or  bivariate  correlations  are  low).  For  example,  the  statistical  assumptions  necessary  tor 
the  application  of  least-squares  regression  designs  are  approximated  poorly  in  workstation 
dimensitin  studies,  owing  to  moderate  intereorrelations  (McConville  ct  al.,  1978),  and  nol  at  all 
in  the  analysis  of  mask  tit  seal  accommodation,  because  the  correlations  among  human  facial 
me.isurements  are  e.xtremely  low.  The  typical  results  of  these  analyses  are  extreme  values  for 
the  independent  variables  (regressors),  and  considerably  less  extreme  values  for  the  dependent 
variables  ( regress. inds)  (thc'se  predicted). 

Till  Ml  Lri\ ARIATE  Dl.Sf  RIPIION  OF  AN  ANTHROPOMETRIC 
SAMPLE  MliTHODS 

Workstation  accommod.ition  .md  the  titling  ot  clothing  or  facial  iquipmcnt  present  two 
tund.iment.illv  dittereni  design  sequences  Sizing  invoKes  diserete  c.itegoriz.ation.  whereas 
workst.ition  design  dem.inds  built-in  interval  adjusinunl  to  accommodate  anthropometric 
s.iri.ition.  However,  e.ich  requires  ,i  thorough  knowledge  o|  both  the  variability  and  the 
intereorrel.itions  in  Ime.ir  dimensions  ot  user  populations.  Ihese  dimensions  include  superior- 
interior  "lengths'  (e  g.  torso  heights  or  extremity  lengths),  medial  lateral  "breadths"  (e  g. 
bideltoid  breadth),  .ind  dorsal  ventral  "depths"  (e.g,  chest  depth) 

Individual  members  of  any  population  of  workstation  users  will  manifest  considerable 
variation  in  their  comhinuin/ns  of  dimensions,  quite  apart  from  the  variation  that  occurs  along 
the  simple  spectrum  connecting  the  "largest"  to  the  "smallest"  operator.  For  instance,  the 
moderate  correlation  of  functional  reach  and  eye  height  sitting  indicate  that  operators  at  less 
than  the  35th  percentile  tor  one  variable,  and  simultaneously  more  than  the  80th  on  the  other. 


I 


are  not  uncommon.  The  importance  of  the  multivariate  nature  of  human  morphometries  is 
illustrated  through  the  calculations  of  proportions  of  an  operator  population  disaccommodated 
when  various  pairs  of  variables  are  considered,  in  McConville  et  al.,  (1978).  The  mathematical 
model  of  bivariate  normality  is  easily  extended  to  the  joint  distributions  of  more  than  two 
variables.  The  geometric  analogy  of  the  equal-probability  ellipse  has  its  counterpart  in 
multivariate  space  as  well. 

The  higher-dimensioned  analogue  of  the  bivariate  ellipse  is  the  p-dimensional  hyper¬ 
ellipsoid.  The  "average"  individuals  in  a  multivariatcly  measured  population,  which  like  all  cases 
occupy  their  own  unique  positions  in  p-dimensional  space  (based  on  their  p  physical 
measurements),  are  encompassed  by  the  smallest  hyper-ellipsoids.  Atypically  sized  and 
proportioned  individuals  are  contained  only  within  the  largest  of  these  "shells,"  Selection  of  the 
"volume”  of  the  concentric  ellipsoids  controls  the  percentage  of  the  population  that  is  included 
(fitted),  and  conversely  the  proportion  excluded  (disaccommodated). 

Principal  components  analysis  (PCA)  describes  the  multivariate  structure  of  a  single 
pcipulation.  It  is  a  data  reduction  procedure  that  can  greatly  simplify  the  use  of  a  test  sample 
for  accommodation  or  sizing^design  studies  by  reducing  the  number  of  dimensions  (""f  a  hyper- 
ellipsoid,  PCA  provides  a  solution  to  a  specific  kind  of  eigenproblem.  The  PCA  solution 
comprises  four  elements,  which  have  been  used  here  to  provide  more  efficient  body  size  models: 

(1)  New  linear  combinations  of  the  original  p  variables  provide  p 
orthogonal  (mutually  independent)  principal  components.  Each  of 
these  explains  different  amounts  of  the  original  morphometric 
variation  contained  in  the  measurement  space  (Dillon  and 
Goldstein,  1984).  It  is  important  to  emphasize  that  this  reduced 
measurement  space  is  constructed  of  axes  which  exhibit  no 
multicollinearity  (i.e..  these  new  axes  show  no  correlation  within 
the  pcipulation).  For  instance,  any  two  components,  i  and  j.  say, 

=  G  ^-1  +  -t-  .  .  .  -I-  f,pZp 

and 

PC,  =  t„Z,  +  I,,/...  +  .  .  +  t,/„ 

in  which  the  (t,,,  t  ..  t,,,|  re  present  lo.idings  cl  the  sl.ind.iuli/c  il 

variables  (Z,,  Z...  Z,j  nri  prineip.il  cnniporuni  i  .in  e.rihugi'n.il 
(I  e  completelv  uricorrei.ited  in  the  p< 'pul.itn >n  ■  al  which  tiu 
components  were  deroed) 

Some  ot  the  new  princip.il  comisi'iienis  repreMiit  ni.i|>'i  ,i\i  ^  a 
v.iri.ition,  while  some  ate  nuie  h  h  ss  import. mt  I  hose  pniK  ijMl 
compements  which  aceount  tor  niinim.il  e.iii.iii.ai  .in  dise.uded 
li  e  nearly  .ill  ot  the  origin.il  e.iri.ition  eeill  t.ill  .ipp|.  oim.ite  i\  ml 
a  sp.icc,  m  (m  <  p).  o|  reduced  dime  nsion.iliie  ] 

(2)  PCA  m.iy  also  revc.il  th.it  some  ..|  the  ongin.il  e.iii.il'U  ,  ,.ii 
needless  redund.incie  s  I  he  suhse  que  nt  i  limin.it  c  n  I  a  ,.i!..il|i 
can  onlv  he  justitie  d  alter  its  c.iii  tul  ,  oiiM.h  i  .n,  .ti  v  i, . 
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multivariate  context  -  that  is,  after  understanding  its  simultaneous 
relationships  with  all  other  variables. 

(3)  Original  measures  may  cluster  into  related  morphometric  classes. 
In  other  words,  certain  "families”  of  variables  will  tend  to  load 
more  heavily  on  various  components.  These  loadings  are 
instructive  to  the  principal  components  analyst  as  well  as  to  the 
workstation  designer  and  accommodation  evaluator.  TTtey  indicate 
the  relationships  between  measures  which  represent  the  real 
dimensions  of  human  metric  variability. 

(4)  The  principal  components  solution  lends  itself  well  to  the 
determination  of  the  volume  and  surface  of  the  m-dimensional 
shells  (m  <  p)  that,  with  scale  adjustment  only,  will  encompass 
any  given  percentage  of  a  multivariate  population  efficiently  (see 
Figures  1  and  2;  also  see  Bittner  et  al.  (1986)  tor  a  useful  outline 
of  this  procedure;  Dillon  and  Goldstein  (1984)  provide  a 
rationale). 

This  PCA-based  numerical  solution  requires  the  following  steps: 

(1)  Determination  of  the  appropriate  ellipsoidal  accommodation 
"shell"  (i.e.  exact  959{  or  989f ).  This  is  accomplished  best  by 
iteration.  Since  the  anthropometric  data  are  not  exactly 
multivariate  normal,  simple  adjustment  of  the  sizes  of  the  major 
axes  by  trial  and  error  is  most  efficient. 

(2)  Solving  for  component  scores  that  yield  surface  locations. 

(3)  Conversion  of  the  surface  points  to  standard  normal  scores 
according  to  the  following  series  of  matrix  equations: 

(a.,)  (U)  =  (Z.),C 

in  which  the  a,,  constitute  the  p  by  m  matrix  of  Pearson 
correlations  of  original  variables  with  new  compssnents.  U  is  one 
t)f  the  2°’  (m  X  1)  unit  vectors  of  the  form  (±1,  ±1.  ±1,  .  .  .).  For 
example,  in  a  three-component  solution  the  U  represents  each  of 
the  8  (  =  2’)  possible  unique  combinations  of  three  unit  measures 
ot  different  signs  (±1,  ±1,  ±1).  This  is  explained  in  more  detail 
in  the  section  entitled  "A  TTiree-Component  Model:  A  Combiman 
Application"  on  page  13,  The  (Z,)/C  arc  (p  x  1)  vectors  of 
standard  normal  scores  divided  by  the  constant,  C,  which  is  the 
common  component  score  obtained  in  (2)  above.  The  value  of  C 
sets  the  size  ot  the  ellipsoid  of  accommodation. 

(4)  Tfiese  standard  nt>rmal  scores  (Z,),  in  turn,  provide  univariate 
percentile  rankings  (under  the  assumption  of  approximate 
normality)  for  each  measure  at  each  of  the  surface  locations.  TTiis 
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HRST  COMPONENT 


nCURE  1 

Principal  Components  Analysis:  95%  Accommodation 


FIRST  COMPONENT 


RGURE  2 

Principal  Components  Analysis:  98%  Accommodation 


procedure  may  be  repeated  for  any  other  accommodation  "shell"  simply  by 
varying  C. 

(5)  Actual  raw  scores  are  then  taken  from  the  finite  distributions  of 
the  population.  These  are  calculated  tor  the  95%  accommodation 
ellipsoid,  for  the  98%  ellipsoid,  or  for  any  other  accommodation 
percentage  required. 

The  test  points  on  each  of  the  concentric  ellipsoids  represent  extreme  individuals.  Any 
accommodation  "surface"  contains  special  extreme  cases  which  are  situated  symmetrically  from 
the  median  operator  (i.e.,  that  "average"  individual  who  may  be  best  characterized  as  the 
arithmetic  mean  of  all  the  variables).  For  instance,  in  a  three-component  example,  the  extreme 
individuals  are  positioned  exactly  at  the  midsurfaces  of  each  of  the  eight  octants  of  each 
accommodation  ellipsoid  (see  Figure  3).  TTierefore,  the  design  of  any  workstation,  which  is 
compatible  with  these  extreme  individuals  should  also  accommodate  all  of  the  individuals  who  are 
closer  to  the  multivariate  mean.  Computer  models  of  Air  Force  personnel  (e.g.  Combiman  or 
Crew  Chief)  can  utilize  these  multivariate  locations  to  test  the  limits  of  accommodation  with 
more  efficiency. 

Models  of  anthropometric  variability  for  aircraft  cockpit  dimensions  were  developed 
through  principal  components  analyses  designed  to  characterize  the  Air  Force  flying  population. 
Various  combinations  of  the  linear  dimensions  were  examined  and  user  populations  of  different 
compositions  were  utilized.  The  ultimate  selection  of  variable  sets  followed  the  consideration  of 
several  important  criteria:  (1)  the  direct  relevance  of  the  body  dimension  to  the  principal 
user/equipment  interfaces;  (2)  the  degree  of  variability  in  the  measure;  and  (3)  the  amount  of 
independent  information  contained  in  the  variables  (i.e.  those  with  moderate  to  low  covariance 
with  other  variables).  Two  types  of  rigid  (orthogonal)  principal  components  solutions 
(unrotated  and  varimax)  following  the  initial  generation  of  eigenvectors  were  explored. 


ANALYSIS  OF  A  TWO-COMPONENT  MODEL 

Bittner  concluded  in  his  analysis  of  the  anthropometric  compatibility  for  the  Advanced 
Harrier  (AV-16A)  that  leg  and  arm  reach  elements  as  well  as  head  clearance  were  by  far  the 
most  critical  dimensions  (Bittner,  1975).  Therefore,  any  analysis  which  includes  other  metrics 
may  obscure  or  confound  these  aspects  of  workstation  design.  For  this  reason  we  provide  a 
simple  description  of  the  population  of  U.S.  Air  Force  flying  personnel  (USAF67)  to  emphasize 
only  superior-inferior  linear  dimensions. 

The  variable  "functional  reach"  (thumb-tip  reach,  not  extended)  is  used  as  the  sole 
measure  of  the  forelimb  dimension,  a  measurement  critical  to  cockpit  design  (the  actual  position 
of  the  elbow  in  this  extension  is  of  little  importance).  The  actual  position  of  the  knee,  as  well  as 
the  individual  thigh  and  shank  lengths,  are  crucial,  however,  and  in  the  following  analysis  both 
elements  of  the  leg  are  retained  (buttock-knee  length  and  knee  height/sitting).  Trunk  height  is 
measured  three  different  ways,  from  the  seat  pan  to  one  of  three  superior  levels:  shoulder 
(acromion  height  sitting),  eye  level  (eye  height/sitting),  and  total  axial  frame  (sitting  height). 

The  intercorrelation  matrix  of  these  six  variables  for  USAF67  is  given  in  Table  1. 

It  is  not  surprising  that  the  principal  components  analysis  of  this  correlation  matrix 
reveals  only  two  major  components  (p=6,  m=2):  These  two  (Table  1)  account  for  85%  of  the 
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TABLE  1 


Six  Anthropometric  Variables  Reduced  to  Two  Principal 
Components,  1967  Air  Force  Flying  Personnel 

Correlation  Matrix  (r^); 


(1) 

(2) 

(3) 

(4) 

(5) 

Thumb  Tip  Reach 

(1) 

Buttock  Knee  Length 

(2) 

.61 

Knee  Height/Sitting 

(3) 

.70 

.78 

Sitting  Height 

(4) 

.41 

.39 

.52 

Acromion  Height/Sitting 

(5) 

.35 

.34 

.45 

.81 

Eye  Height/Sitting 

(b) 

.39 

.39 

.49 

.93 

.78 

SUMMARY  STATISTICS 

FACTOR  CORRELATION 
MATRIX: 

Variable 

Mean 

(mm) 

Std  Dev 
(mm) 

Factor  1 

Factor  2 

Thumb  Tip  Reach 

803,1 

39.8 

.70574 

.48318 

Buttock  Knee  Length 

604.0 

27.0 

.71883 

.53912 

Knee  Height/Sitting 

557.6 

25.0 

,81604 

.44714 

Sitting  Height 

931.8 

31.8 

.87047 

-.42424 

Acromion  Height/Sitting 

610.3 

28.5 

,79,541 

-.44823 

Eye  Height/Sitting 

809.5 

30.2 

,85280 

-.43105 

Eigenvalues,  (Unrotated  Principal  Components. 
and  Percentage  of  Variation  (9( ); 


Factors 


(1) 

(2) 

(3) 

(4) 

(-■') 

(b) 

Eigenvalues 

3,80 

1.29 

0.41 

0.25 

0,19 

0.07 

Variation 

63'/, 

22% 

7% 

4% 

3% 

1% 

•  • 
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original  variation,  and  the  remaining  tour  eomponents  play  no  subsequent  role  in  the  analysis. 
Both  principal  components  are  easily  interpreted.  The  first  appears  to  be  a  size  aimponent 
which  describes  nearly  two-thirds  of  the  original  variation.  The  second  is  bipolar  and  may  be 
described  as  extremity  length  relative  to  trunk  height.  Within-trunk  correlations  are  quite  high 
as  are  the  within-limb  correlations;  however,  between  these  groups  of  variables  the  correlations 
are  very  low. 

The  959f  and  98'/f  accommodation  limits  for  this  model  are  shown  in  Figures  1  and  2. 

Eight  surface  points  are  indicated  for  each,  and  these  are  translated  into  their  corresponding 
multivariate  vectors  In  Tables  2  and  3.  The  locations  are  eaeh  symmetric  about  the  eentroid 
and,  in  terms  of  the  aimpement  space  (characterized  by  the  ratio  of  XI  to  X,),  are  equidistant 
from  that  pxiint. 

The  interpretation  of  the  eight  surface  points  shown  on  Figure  1  is  as  follows:  The  first 
component  (horizontal  scale)  is  overall  body  size.  In  this  respect,  point  Y  is  the  smallest  and  W 
is  the  largest.  The  second  component  (vertical  scale)  represents  contrasting  limb  torso 
proportions.  Both  points  Y  and  W  have  values  of  zero  on  this  scale  because  they  represent 
cases  that  show  no  contrast  in  limb  torso  proportions  -  that  is,  they  are  small  or  large  on  all 
measures.  X  and  Z  show  the  highest  contrasts  between  limb  and  torso  dimensions.  ,X  has  Umg 
limbs  combined  with  a  short  torso;  Z  has  short  limbs  with  a  large  torso.  Each  of  these  four 
cases  are  most  extreme  on  one  of  the  components  but  exactly  aver.ige  .ilong  the  other  Cases  B 
and  C  are  also  sm.ill  for  the  first  component  (though  not  as  small  as  Y)  but  show  marked 
limb  torso  contrast.  Thus,  while  B  is  not  as  small  ovirall  as  Y,  this  case  has  the  smallest  torso  ol 
the  eight  Similarly.  C  is  not  as  small  overall  as  Y  but  exhibits  the  smallest  limbs  of  the  eight 
e.ises.  Counterp.irt  eases  at  the  large  end  of  the  first  ci'inponent  represent  the  same  kinds  ol 
vari.ibility.  A  .ind  D  are  not  as  l.irge  overall  as  W,  but  show  the  most  extreme  values  lor  limbs 
and  torsos,  respectively.  In  a  erewstation  design  each  oi  these  cases  would  adjust  the  se.it  and 
rudder  carnage  to  different  positions  in  the  cockpit,  and  each  case  should  he  eonsidered  in 
order  to  represent  the  range  of  variability  which  exists  in  the  population, 

[deleting  One  Variable 

The  inclusion  ot  as  many  as  three  trunk  heights  may  prove  to  be  somewtiat  redundant, 
resulting  in  an  accommodation  model  which  overly  weights  this  aspect  ol  llyer  morphology 
What  IS  the  etteci  ot  deleting  a  vairiable  which  is  highly  correlated  with  others  ’  To  examine  this 
issue,  .in  additlon.il  analysis  was  conducted  which  de  eniph.isi/es  trunk  rel.itive  to  the  extremities 
by  using  only  five  ot  the  six  measures  defined  above:  acromion  height  silting  was  removed  from 
the  study  A  comparison  ol  these  two  analyses  is  instructive  with  reg.ird  to  tlie  impact  ol  the 
iiddition  deletion  ot  a  single  v.iri.ible  which  m.iy  bring  little  .iddition.il  inloimation  about 
morphology,  since  acromion  height  sitting  correlates  closely  with  total  sitting  height  (r=  SI )  .iiid 
.ilsii  with  eye  height  sitting  (r.=  .7S).  See  Table  I. 

Both  analyses  share  five  vari.tbles  as  well  .is  the  s.inie  sample  popul.ition.  then  tore,  the 
correl.ilion  matrices  are  the  same,  save  tor  the  deletion  ol  one  low  ativl  colunin,  which 
corresponds  to  the  variable  lh.it  was  renioveel,  ITie  new  analvsis  provluced  essenti.illv  two 
conipsinents  (the  last  three  are  discarded),  ITiese  account  tor  Xh.T  i  ot  the  original  vari.ition  in 
the  five  variable  system  (compared  to  ST.S'T  of  all  variation  in  six-space  m  the  first  analvsis) 

ITie  two  major  eomponents  of  the  last  analysis  share  the  s.ime  inlerprelalions  as  those  of  the 
tirst  (compare  Tables  1  and  4)  All  live  variables  are  unitormly  loaded  on  the  large  component. 
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TABLE  2 

Accommodation  Analysis,  95%,  1967  Air  Force  Flying  Personnel; 
Six  Variables 


Variable  Z-Scores  for  "2-D  Man"  Model  Points' 


1  — = 

A 

B 

c 

D 

W 

D 

Y 

Z 

1  Thumb  Tip  Reach 

2.1 

-0.4 

-2.1 

0.4 

1.7 

1.2 

-1.7 

-1.2 

Buttock  Knee  Length 

2.2 

-0.3 

-2.2 

0.3 

1.8 

1.3 

-1.8 

-1.3 

Knee  Height/Sitting 

2.2 

-0.6 

-2.2 

0.6 

2.0 

1.1 

-2.0 

-1.1 

Sitting  Height 

0.8 

-2.3 

-0.8 

2.3 

2.1 

-1.0 

-2.1 

1.0 

Acromion  Height/Sitting 

0.6 

-2.2 

-0.6 

2.2 

2.0 

-1.1 

-2.0 

1.1 

Eye  Height-Sitting 

0.7 

-2.2 

-0.7 

2.2 

2.1 

-1.1 

-2.1 

1.1 

Variable  Values  (mm)  for  ”2-D  Man"  Model  Points' 


A 

B 

c 

D 

W 

X 

D 

Z 

Thumb  Tip  Reach 

885.4 

787.7 

720.8 

818.5 

872.2 

850.4 

734.0 

755.8 

Buttock  Knee  Length 

663.2 

.595.6 

.544.9 

612.5 

651.8 

639.9 

5.56.2 

568.2 

Knee  Height  Sitting 

612.5 

.541.6 

.502.8 

.573.7 

607.7 

585.1 

.507.6 

530.2 

Sitting  Height 

956.5 

860.3 

907.2 

1003.4 

999.9 

898.7 

863.8 

965.0 

Acromion  Height  Sitting 

627.8 

I^QI 

593.3 

672.3 

666.4 

579.1 

.554.7 

642.0 

Eye  Height  Sitting 

831.6 

787.4 

876.9 

872.8 

777.5 

746.2 

841.5 

'  Locations  A  B,  C.  and  D  are  each  midquadrant  points;  W.  X,  Y.  and  Z  refer  to  the  points 
on  the  principal  components  axes. 
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TABLE  3 


Accommodation  Analysis,  98%,  1967  Air  Force  Flying  Personnel: 
Six  Variables 


Variable  Z-Scores  for  "2-D  Man"  Model  Points* 


A 

B 

C 

D 

W 

Bl 

ai 

Z 

Thumb  Tip  Reach 

m 

-0.5 

D 

0.5 

2.0 

1.4 

-2.0 

-1.4 

Buttock  Knee  Length 

2.6 

-0.4 

IQ] 

0.4 

2.1 

1.6 

-2.1 

-1.6 

Knee  Height/Sitting 

2.6 

-0.8 

-2.6 

0.8 

m 

1.3 

B 

-1.3 

Sitting  Height 

0.9 

Bi 

2.5 

-1.2 

B 

1.2 

Acromion  Height/Sitting 

0.7 

-2.6 

2.3 

-1.3 

-2.3 

1.3 

Eye  Height/Sitting 

0.9 

-2.6 

-0.9 

2.6 

2.5 

-1.3 

-2.5 

1.3 

Variable  Values  (mm)  for  "2-D  Man"  Model  Points* 


D 

B 

C 

D 

W 

B 

B 

Z 

Thumb  Tip  Reach 

784,9 

706.0 

821.2 

884.6 

858.9 

721.6 

747.3 

Buttock  Knee  Length 

IQ] 

594.1 

534.3 

614.0 

660.4 

646.3 

547.7 

561.8 

Knee  Height, 'Sitting 

622.3 

538,8 

493.0 

576.5 

616.7 

590.0 

498.6 

525.3 

Sitting  Height 

960.9 

847.5 

902.8 

1016.2 

1012.0 

892.8 

851.7 

970.9 

Acromion  Height/Sitting 

630.9 

537.7 

590.2 

683.3 

676.4 

573.4 

544.7 

647.6 

Eye  Height/Sitting 

835.6 

730.1 

783.4 

888.9 

884.1 

771.8 

734.9 

847.2 

*  Locations  A.  B,  C,  and  D  are  each  midquadrant  points;  W,  X,  Y,  and  Z  refer  to  the  points  on 
the  principal  components  axes. 


TABLE  4 


Five  Anthropometric  Variables  Reduced  to  Two  Principal 
Components,  1967  Air  Force  Flying  Personnel 
(Acromion  Height/Sitting  Deleted) 


Correlation  Matrix  (r^): 


(1) 

U) 

(3) 

(4) 

Thumb  Tip  Reach 

0) 

Buttock  Knee  Length 

(2) 

.61 

Knee  Height/Sitting 

(3) 

.70 

.78 

Sitting  Height 

(4) 

.41 

.39 

.52 

Eye  Height/Sitting 

(5) 

.39 

.39 

.49 

.78 

SUMMARY  STATISTICS 

FACTOR  CORRELATION 
MATRIX 

Variable 

Mean 

(mm) 

Factor  2 

Thumb  Tip  Reach 

803.1 

39.8 

.37485 

Buttock  Knee  Length 

604.0 

.43147 

Knee  Height/Sitting 

557.6 

25.0 

Sitting  Height 

931.8 

31.8 

.80635 

-.56141 

Eye  Height/Sitting 

809.5 

30.2 

-.57891 

Eigenvalues,  (Unrotatcd  Principal  Qimponents,  A.,) 
and  Percentage  of  Variation  (91 ); 


Factors 


(!) 

(2) 

(3) 

(4) 

(5) 

Eigenvalues 

3.25 

1.08 

0.41 

0.19 

0.07 

Variation 

6391 

2291 

891 

4'1 

I'l 
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I  which  approximates  "size,"  as  before.  The  second  component  may  also  be  labeled  "extremity 

lengths  relative  to  trunk."  Here,  the  trunk  variables  load  .somewhat  higher  (compare  Tables  1 
and  4),  and  although  there  are  now  only  two  of  five  variables  loading,  compared  to  three  of  six 
in  the  earlier  analysis,  the  second  components  are  quite  similar.  The  exact  multivariate  surface 
pt'ints  are  given  in  Tables  5  and  6. 

The  differences  between  the  5-  and  6-  component  models  generally  are  small  (on  the 
order  of  3  to  4  mm),  but  oceasionally  show  differences  greater  than  1  cm. 

The  eight  test  individuals  for  each  accommodatiem  surface  are  symmetric  about  the 
centroid  (as  described  by  the  multivariate  averages),  and  in  terms  of  the  component  space,  are 
equidistant  from  that  operator.  T3ie  design  of  any  werrkstation  which  is  compatible  with  these 
extreme  individuals  should  also  accommodate  all  of  the  cases  which  are  less  extreme.  These 
analyses  indicate  that  there  exist  perhaps  no  more  than  two  important  and  independent 
superior-inferior  components  of  variation  in  the  flyer  pitpulation  for  consideration  of  cockpit 
accommodations,  that  limb  extremities  tend  to  load  together  and  quite  equally  on  major 
components,  and  that  the  superior-inferior  mea.surements  ot  trunk  and  limbs  are  largely 
independent,  apart  from  the  usual  allowance  for  overall  body  size. 

A  THREE-CO.MPONENT  MODEL;  A  COMBIMAN  APPLICATION 

Eleven  linear  anthrr)pomctric  dimensions  which  serve  as  input  for  the  COMputcrized 
BKimechanical  MAN-Model  (COMBIMAN)  programs  (Korna  and  McDaniel.  11185:9.3)  were 
selected  as  a  preliminary  example  ("weight"  was  not  u.sed;  therefore,  all  utilized  measures  were 
in  mm.).  The  United  States  Air  Force  1967  Flying  Personnel  Survey  sample  (n  =  2420)  again 
provides  an  appropriate  and  sufficiently  large  sample  so  that  anthropemictric  univariate 
distributions  as  well  as  their  covariances  may  be  regarded  as  accurate  estimates,  with  very 
minimal  sampling  error.  The  amount  iif  owariation  in  these  data  was  quite  large  (i.c.,  the 
determinant  of  the  correl.ition  matrix  =  6.4  x  10'')  and  a  principal  components  analysis  of  this 
m.iirix  prov  ided  a  useful  summary  of  the  system- 

Six  components  accounted  for  9t)'7  of  the  variation,  the  vast  majcirily  of  which  (5T7) 
w.is  found  .dong  a  single  vector  This  unipolar  Component  correlated  with,  and  represents, 
overall  size  of  the  individuals.  A  second  orthogonal  component  was  related  to  some  of  the 
cross  sectional  dimensions  of  the  trunk.  The  third  was  related  primarily  to  the  superior-inferior 
dinu  nsiuns  ot  head.  neck,  and  torso.  Fhe  first  six  principal  components  were  rotated  using  a 
v.inm.ix  procedure  This  resulted  in  a  new  and  simpler  set  of  coordinate  axes,  the  first  three  of 
w!v..h  (X,.  X  ,  and  X,i  provide  perhaps  the  best  prehmin.try  summaiy  of  the  multivariate 
siruclure  ot  the  CCMBLVIAN  metrics. 

Ihe  components  represent  more  relevant  measures  for  workstation  accommodatu'n  than 
do  the  v.iriables  themselves:  the  first  axis  (X,)  represents  limb  elements;  the  second  (X,). 
vertical  dimensions  of  head,  neck,  and  trunk;  and  the  third  (X,).  hand  and  foot  lengths.  These 
•ire  listed  in  descending  order  of  variation  explained;  the  remaining  three  com|ronents  were 
discarded  The  varimax  procedure  (Harman.  1975)  resulted  in  a  more  spherie'al  (i.e.  less 
prolate)  solution  (figure  3).  The  three  rotated  components  accounted  for  frlU  of  the  total 
original  variation,  and  this  amount  was  more  evenly  distributed  among  the  three  than  was  the 
ease  tor  the  first  three  components  in  unrotated  space. 
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TABLE  5 

Accommodation  Analysis,  95%,  1967  Air  Force  Flying  Personnel; 
Five  Variables 


Variable  Z-Scores  for  "2-D  Man"  Model  Points* 


A 

B 

c 

D 

Q 

X 

D 

B 

Thumb  Tip  Reach 

IQ 

-0.7 

-2.0 

0.7 

IB 

0.9 

BB 

Q 

Buttock  Knee  Length 

a 

-0.6 

m 

1.1 

BB 

o 

Knee  Height/Sitting 

D 

-1.0 

0 

0.8 

Q 

Q 

Sitting  Height 

Q 

a 

-0.4 

B 

Q 

-1.4 

IQ 

D 

Eye  Height/Sitting 

01 

Bl 

-0.4 

m 

Q 

-1.4 

Q 

B 

Variable  Values  (mm)  for  ''2-D  Man"  Model  Points* 


B 

C 

X 

mm 

Z 

Thumb  Tip  Reach 

882.6 

775.7 

723.6 

840.0 

727.5 

766.2 

Buttock  Knee  Length 

661.7 

587.2 

546.4 

632.9 

551.4 

575.2 

Knee  Height/Sitting 

609.8 

533.8 

505.5 

581.5 

611.4 

577.7 

503.9 

537.6 

Sitting  Height 

945.4 

8.‘i5.9 

007.8 

995.1 

887.8 

868.6 

975.9 

Eye  Height/Sitting 

820.8 

737.2 

798.2 

750.4 

852.7 

*  Locations  A.  B,  C.  and  D  are  each  midquadrant  points;  W,  X,  Y.  and  Z  refer  to  the  prrints  on 
the  principal  components  axes. 
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TABLE  6 

Accommodation  Analysis,  98%,  1967  Air  Force  Flying  Personnel: 
Five  Variables 


Variable  Z-Scores  for  "2-D  Man”  Model  Points* 


B 

a 

D 

a 

□ 

D 

D 

B 

Thumb  Tip  Reach 

1^ 

Q 

Q 

D 

a 

B 

Buttock  Knee  Length 

QQ 

IQ 

Q 

a 

D 

m 

B 

Knee  Height/Sitting 

B 

D 

a 

a 

Q 

IQ 

Sitting  Height 

IQ 

Q 

Q 

Q 

B 

Q 

Eye  Height/Sitting 

m 

QQ 

Q 

Q 

n 

B 

B 

Variable  Values  (mm)  tor  "2-D  Man”  Model  Points* 


Bi 

B 

C 

D 

Y 

Z 

Thumb  Tip  Reach 

QB 

7|(l..5 

K46.0 

yQ 

760.1 

Buttock  Knee  Length 

671.1 

62.1.7 

66.5.4 

6.17.6 

.542.7 

570.5 

Knee  Height  Sitting 

I^Q 

.581.0 

49.5.1 

.534,3 

Sitting  Height 

V47.7 

S4.V.5 

916,0 

IQQ 

100.5.5 

880.:. 

983.1 

Lye  Height  Sitting 

622.7 

72-5. .1 

740.7 

859.7 

» 


•  • 


*  Loeaticns  A.  B.  C.  and  D  are  e.ieh  midquadranl  points;  W.  X.  Y.  and  Z  refer  to  the  points  on 
the  principal  components  axes 


15 


can  only  be  jiielitn  d  atler  its  care  tul  c<  aiMvIi  i  ,iti  -r.  .j  i  ’  i  uc. 


•  ••••• 


Next,  from  the  new  coordinate  system,  two  ellipsoids  (in  three  dlmen^l.aMl  span  aK  nc 
the  new  a.xes  and  symmetric  about  the  multivariate  origin)  were  determined  11k  lust  (  lai-ii  ~i 
encompassed  exactly  y.S'r  (n  =  2299)  of  the  USAF67  sample  (and  theretme  dis.icc.  Tiini.  idaie  d 
5'  f ),  while  the  secernd  (Table  8),  concentric  with  the  first,  was  somewhat  largi  i  and 
accommodated  about  98'?  (n  =  2.369)  of  the  flyer  sample.  Tight  multieari.iu  points  were 
systematically  located  on  the  surface  of  each  erf  these  sphensids  (f  igure  .’)  The  inlerstvii,  a;  I 
a  three-dimensional  rectanguloid,  (the  unequal  dimensions  of  which  retlecied  the  dilterent 
variances  of  each  of  the  three  compsinents,)  with  the  surface  of  the  spheroid,  pi. aided  these 
points.  .Multivariate  points  can  also  be  located  at  the  ends  of  each  >9  the  major  .ues  (.is  m 
Cases  W,  X,  Y,  Z  in  the  2-D  analysis)  to  ecxhibit  the  most  extreme  eaiues  .dong  e.u  h 
compxinent.  This  would  require  six  additional  model  points, 

THE  PROBLEM  OF  MULTIPLE  POPULATIONS 

In  this  sectii'n  an  analysis  is  described  which  addresses  an  altogether  new  tepe  .9 
problem',  multivariate  accommodation  tor  a  composite  peipulation  ot  white  m.dc.  whiu  u  m.iL. 
and  black  male  flyers.  Sampled  anthropometric  data  from  while  m.iles  ( 1967),  white  tcni.des 
(1968),  and  black  males  (1965)  are  u.sed  in  this  analysis  to  estimate  the  accommodation  liniiis  ■! 
workstation  anthropsimetrics  for  a  hypothetical  population  of  livers  in  the  l9U(is,  (  These  s.inipii 
survevs  will  be  designated  "67.AF  white  males."  "68AF  white  females,"  and  h.'s.AT  bl.ick  ni.iles '  in 
this  repiirt).  Ihis  preliminary  study  presents  aecommodation  limits  (9()'.V  .ind  9v  5- ,  )  winch  in.o 
be  regarded  <is  .iccurate  and  unbiased  ori/v  if  the  following  .issumptions  hsdd  ( 1 )  thi 
composition  ot  the  hypothetical  flyer  population  is  one-third  white  males,  onc  thiisl  whili 
temales,  and  one-third  black  males;  (2)  there  are  ni'  secular  trends  in  body  dimensions  o\i,,'  itu 
three  decades  scp.irating  the  collection  of  the  l9W)s  survey  data  .ind  the  .ipplic.ition  o|  ihc  new 
st.ind.irds  in  the  199ils;  and  tinally  (.1)  size  requirements  remain  ,it  (id"  lo  Tn"  joi  o\i  rail  st.iiatc. 
■ind  at  .14'  to  .19"  tor  sitting  height.  Since  the  first  two  assumptions  are  certainly  incornci  (.tnd 
even  the  third  may  be  subject  to  ch.ange),  this  part  of  the  report  must  be  viewed  .is  .i  tiisi 
.ippro.ich  which  is  merely  intended  to  introduce  the  n.aturc  ot  .in  important  problem  Results 
can  be  c.isily  modified  should  height  requirements  be  ch.iiiged  .ind  shetuld  sonic  cstim.itc  .1  the 
race  sex  c.imposition  ol  the  popul.ition  ot  flyers  beci'iiie  av.iil.ible,  lempor.il  ch.ingcs  in  b..d', 
dimensi.  .ns  must  he  addressed  hv  more  current  surveys,  such  as  the  lu,'s7->t,'<  L  ,S  Arnu 
.intlu  .poiiietric  survev  ((iordon  et  al.,  I9XX). 

Ihc  critical  cockpit  v.iri.ihics  tor  this  an.ilysis  included  nie.isures  ol  trunk  height 
linsliieling  eye  leecl  ,ind  he.id  height),  the  extension  ol  the  .irni.  .inel  me.isuremcnt  ot  both  the 
'h  ink  ind  the  thigh  dimensions  ot  the  lower  limb.  The  three  .inthro|iometric  survev  |>.puTitions 
useei  in  this  .in.ilvsis  Were  e.icli  me.isured  tor  sitting  height,  eve  height  sitting,  aci.imii.ii 
height  sitting,  thumb  tip  reaeh,  not  extended,  iind  buttock-knee  length.  The  onlx  me, ism.  .4  tin 
sh.ink  which  .ill  thre  e-  surve  vs  included  is  popliteal  height  silting,  which  in  this  .inaivsis  i.  place . I 
knee  he  ight  sitting  ,is  the  sole  nie.isure  ot  this  eritic.il  Jimcnsiein. 

SiiKc  the  general  survev  pe ipuhitions  are  delinnled  .m  silting  hemht  .tnd  st.iture 
I e  e|Ui re  iiK  nts  tr.iiti  ,-\I  Regul.iti or,  Ihll  4,1  to  torm  the  coinpisite  liver  popul.ition.  the  s.im|'le  ..1 
women  I'  most  .illecleeT  Ihc  ree|iiired  lower  hounds  in  sitting  height  artel  st.iture  ,ire  e  ,ich  .it  oi 
over  the  me, ms  ot  the  origiri.il  teiiiale  popul.ition  (Tigure  4).  Therelore,  to  meet  euiieiit  bodv 
si/e  te  stncti.ins,  ove  r  thre  e  e|u.irte  rs  ot  this  s.imple  was  necessarilv  deleted  Some  Irunc.ilion  ot 


TABLE  7 


Eleven  Anthropometric  Variables  Reduced  to  Three  Principal 
Components,  1967  Air  Force  Flying  Personnel.  Model  Points 
at  Surface  of  9591  Accommodation  Ellipsoid 
(values  in  mm) 


COMPONENTS 

i 

B 

B 

B 

B 

B 

B 

□ 

Component  1  (limb  elements) 

D 

B 

B 

B 

B 

B 

B 

B 

Component  2  (vertical  head,  neck  and  trunk  dimensions) 

B 

B 

B 

B 

B 

B 

B 

B 

Component  3  (hand  and  foot  lengths) 

B 

B 

B 

B 

B 

B 

B 

B 

+  = 

=  small 


Octant: 

D 

D 

D 

IB 

B 

B 

B 

B 

Sitting  Height 

999 

978 

_ 

— 

910 

977 

888 

952 

B 

Q| 

Acromion  Height/Sitting 

d 

BS 

01 

Qj 

Knee  Height/Sitting 

^1 

1^ 

01 

1^ 

Buttoek-Knee  Length 

IB 

B 

^0 

Shoulder-Elbow  Length 

QQ 

Qj 

Elbow-Wrist  Length 

IQ 

IQ 

Biaeromial  Breadth 

BD 

IQ 

Hip  Breadth 

QQ 

Q| 

BQ 

IQ 

Q| 

Chest  Depth 

IQ 

IQ 

Foot  Length 

D 

Q| 

Hand  Length 

1 

^9 

TABLE  8 
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Eleven  Anthrop«metric  Variables  Reduced  to  Three  Principal 
Components,  1967  Air  Force  Flying  Personnel,  Model  Points  at 
Surface  of  98%  Accommodation  Ellipsoid 
(values  in  mm) 


Components 

B 

S 

B 

B 

D 

B 

B 

■ 

Component  1  (limb  elements) 

D 

B 

B 

B 

B 

B 

B 

■ 

Component  2  (vertical  head,  neck  and  trunk  dimensions) 

D 

B 

B 

B 

fl 

B 

B 

■ 

Component  3  (hand  and  foot  lengths) 

D 

B 

B 

B 

B 

B 

B 

■ 

+  =  big 

=  small 


Octant: 

B 

El 

a 

B 

B 

B 

B 

H 

Sitting  Fleight 

1017 

QQ 

^B 

Q 

QB 

849 

Acromion  Height/Sitting 

687 

673 

IQ 

OB 

09 

m 

539 

Knee  Height/Sitting 

630 

BD 

Q 

484 

Buttock-Knee  Length 

668 

637 

656 

579 

627 

555 

571 

546 

Shoulder-Elbow  Length 

407 

Qj 

QQ 

^B 

316 

Elbow-Wrist  Length 

341 

BE 

ES9 

Qj 

BB 

Q 

90 

Biacromial  Breadth 

423 

OS 

BB 

Q| 

BB 

BB 

Q 

390 

Hip  Breadth 

373 

Q 

^B 

BB 

BB 

331 

Chest  Depth 

255 

OQ 

09 

90 

Q 

90 

Foot  Length 

306 

264 

Q 

Q 

Qj 

B 

238 

Hand  Length 

217 

03 

^B 

Qj 

09 

Q 

168 
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the  67AF  white  males  and  the  65AF  black  males  also  occurred.  This  resulted  in  somewhat 
abrupt  limits  to  otherwise  bivariate  normal  distributions  that  are  visible  at  the  lower  bounds  tor 
65AF  black  males  (Figure  5)  and  especially  tor  68AF  white  t'emales.  With  the  exception  ot'  the 
selector  variable  (Sitting  Height)  these  procedures  only  affected  the  shapes  of  the  univariate 
distributions  to  a  small  degree.  The  limb  lengths  remain  close  to  normal  within  all  three 
populations. 

The  major  univariate  differences  among  the  populations  are:  (1)  the  shorter  reach  and 
stature  of  women:  (2)  the  very  large  average  sitting  height  of  white  males;  and  (3)  the  longer 
limb  lengths  of  black  males.  These  differences  in  turn  translate  into  large  reach-to-trunk  ratios 
and  very  large  leg-to-trunk  ratios  for  blacks  compared  to  Whites.  The  eventual  knowledge  of 
the  exact  nature  of  the  linear  size  differences  (between  se.xes)  and  the  proportional  differences 
(between  women  of  both  races)  for  accommodation  studies  will  have  to  await  a  comparable 
survey  of  black  women. 

TTie  correlation  matrix  of  the  truncated,  equally  weighted,  armposite  population  was 
analyzed  by  means  of  principal  components.  The  first  component  (primarily  size)  and  the 
second  component  (relative  trunk  length)  accounted  for  84'T  of  the  original  variation  (Table  9). 
Eight  surface  locations  were  calculated  for  the  90'}(  and  the  99..5'7(  accommodation  ellipses 
(Tables  10  and  11).  Figure  6  presents  a  distribution  of  the  composite  population  in  principal 
components  space,  and  two  accommodation  ellipses,  909Z  and  99.5fr,  defined  by  eight  model 
points  each  (Tables  10  and  1 1).  The  inner  ellip.se  accommodates  exactly  90'lf  of  the  eases 
closest  to  the  multivariate  centroid,  and  excludes  the  other  lO'/r;  the  outer  one  represents  the 
boundary  for  99. S'"?  accommodation.  The  8  model  points  of  Tables  10  (90'lf )  and  11  (W.5'’4  ) 
represent  different  kinds  of  extremes  located  exactly  on-and  evenly  spaced  about--the  boundary 
which  separates  the  accommodated  and  the  disaeeommodated.  However,  unlike  the  results  of 
the  previous  analyses,  disaccommodation  is  far  from  symmetric.  First,  there  is  the  persistent 
problem  of  the  abruptness  of  the  lower  limit  of  the  distributions  caused  by  the  restrictions  on 
sitting  height.  .Model  points  Z  and  especially  C  and  Y  (very  negative  in  component  1  and  or 
eomptinent  2)  represent  extremes  which  are  more  abnormal  than  any  USAF  tlycr  in  the 
truncated,  composite  population.  That  is,  there  is  no  reason  to  test  flyers  for  such  extreme 
anthropsimetrics.  The  sitting  height  (and  possibly  stature)  requirements  have  already  eliminated 
them.  New  single  model  points  C*  and  Y*  are  provided  for  90''/;  and  99  s'  i  accommodation 
(Tables  10  and  11).  These  multivariate  vectors  are  substituted  for  the  lower  left  midquadrant 
location  (pciint  C*)  and  for  the  lowermost  location  (point  Y*)  at  all  accommodation  les  s  Is. 
Similarly,  a  new  model  point  Z*  (extreme  left  location,  i.e.,  very  negative  on  component  2)  is 
provided  for  the  99.5%  accommodation  only  (Table  12). 

The  percentage  t)f  individuals  accommodated  at  either  of  the  two  accomnuidation  leseU 
is  not  uniform  with  respect  to  race  or  sex  (Table  12).  The  women  m  the  test  sample  derned  for 
this  study  were  almost  completely  accommodated  in  both  models.  However,  this  obseivation 
may  be  misleading.  It  should  be  remembered  that  over  three  quarters  ol  the  original  general 
female  prrpulation  was  excluded  on  the  basis  of  the  stature  and  sitting  height  restrictions 
currently  in  effect  for  the  population  of  Air  Force  pilots  (Figure  4)  By  contrast,  the  truncation 
ot  any  male  population  on  the  basis  of  the  34”  to  39”  sitting  height  re(.|uirement  is  not  as 
extensive.  On  the  other  hand,  no  woman  in  this  study  was  found  to  be  too  large  in  "size"  (first 
principal  component)  or  in  the  proportion  of  total  stature  that  is  trunk  height  (second  principal 
component).  Therefore,  of  those  women  whose  .inthrop'metries  were  analyzed  in  this  study,  all 
were  accommodated  at  the  99.5'^7  level,  and  all  but  1.3  percent  were  accommodated  at  the  9(1'  ; 
level  (Table  12). 
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TABLE  9 

Principal  Components  Analysis,  Composite  Population, 
Equally  Weighted,  1968  Air  Force  White  Females,  1965  Air 
Force  Black  Males,  1965  Air  Force  White  Males 
(Stature,  Sitting  Height,  and  Weight  Restrictions) 

Total  Correlation  Matrix,  r.: 


Thumbtip 

Reach 

Buttock  Knee 
Length 

Popliteal 

Height 

Sitting 

Height 

Eye  Height/ 
Sitting 

Buttock  Knee  Length 

.665 

Popliteal  Height 

.711 

.758 

Sitting  Height 

.248 

.231 

.286 

Eye  Height/Sitting 

.280 

.267 

.360 

.910 

Shoulder  Height/Sitting  Derived 

.116 

.146 

.134 

.762 

.693 

Eigenvalues,  (Unrotated  Principal  Comp<.>nents,  X,) 
and  Percentage  of  Variation  (9(): 


Factors 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

Eigenvalues 

3.21' 

1.82' 

0.35 

0.33 

0.21 

0.09 

Variation 

54</f 

w/, 

5Vr 

4<7r 

K/r 

‘Only  the  first  two  principal  components  were  used  in  subsequent  analysis. 
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TABLE  10 


Accommodation  Analysis,  Wr,  Composite  Population 


V'ariabic  Z-Scorcs  tor  ''2-D  Man"  Model  Points 


D 

B 

c* 

D 

W 

D 

B 

z 

Thumb  Tip  Reach 

-l.K 

-0.1 

_ 1 

l.K 

1.4 

■  1.2 

B 

1.2 

Buttock  Knee  Length 

[Q 

■B 

1.9 

1.4 

B 

B 

1.2 

Popliteal  Height 

D 

D 

B 

-1..1 

1.2 

Sitting  Height 

Q 

-0.4 

a 

0.4 

1.7 

B 

-1.4 

B 

Eye  Height  Sitting 

D 

n 

m 

0.9 

B 

-0.9  1 

Shoulder  Height/Sitting  Derived 

D 

D 

m 

1.2 

B 

m 

Variable  Values  (mm)  for  "2-D  Man"  .Model  Points 


B 

— 

B 

D 

D 

_ _ j 

W 

D 

v 

Z 

Thumb  Tip  Reach 

7K.3.6 

7.34.7 

842.4 

Buttock  Knee  Length 

609.0 

.349.3 

560.5 

569.2 

641.4 

Popliteal  Height 

452.1 

.392.1 

440.4 

412.5 

409,4 

478.2 

Sitting  Height 

950.9 

8K9.5 

K6.3.6 

94.3.8 

928.5 

86.3.6 

872,3 

Eye  Height  Sitting 

K35,l 

76K.7 

830.7 

809.5 

744.0 

758.1 

Shoulder  Height  Sitting  Derived 

6.30. 1 

.379.4 

.347.0 

584.6 

617.9 

QQ9 

.3.31.7 

.349,9 

Points  modified  trom  original  symmetrie  ellipse  due  to  sitting  height  restrictions:  New  radii, 
Y=  1.777;  New  component.  C'  =  -l.(l7y. 


TABLE  11 


Accommodation  Analysis,  95'/f,  Composite  Population 


Variable  Z-Scores  tor  '’2-D  Man"  Model  Points 


B 

c. 

D 

□ 

B 

B 

Thumb  Tip  Reach 

-2.1 

-0.1 

B 

D 

m 

B 

B 

Buttock  Knee  Length 

IQ 

D 

D 

D 

-1.4 

B 

B 

Popliteal  Height 

Qj 

B 

D 

IB 

B 

Sitting  Height 

yy 

B 

m 

\.3 

B 

B 

Eye  Height/Sitting 

B 

B 

D 

IB 

B 

B 

Shoulder  Height  Sitting  Derived 

B 

py 

yy 

B 

B 

yy 

Variable  Values  (mm)  tor  "2-D  Man"  Model  Points 


B 

D 

B 

D 

D 

B 

Y* 

Z 

Thumb  Tip  Reach 

IQy 

Qy 

72.6.3 

7.34.7 

65 1 .4 

Buttock  Knee  Length 

609.7 

.640.1 

602.0 

669.9 

6.64.2 

.662.4 

569.2 

647.5 

Popliteal  Height 

440.4 

507..6 

409.4 

463.7 

Sitting  Height 

913.0 

9.61.0 

93T1 

663.6 

667.6 

Eye  Height  Sitting 

b4.V7 

766.2 

746.4 

601.4 

636.6 

613.7 

744.0 

753.9 

Shoulder  Height  Sitting  Derived 

63K.1 

579.(1 

.647.0 

.6H5.1 

623.8 

619.5 

.651.7 

544.5 

Pmnts  modified  from  original  symmetric  ellipse  due  to  sitting  height  restrictions;  New  radii, 
Y=  1.777;  New  component,  C  =  '1.07V. 


SECOND 


-4  -3  -2  -1 


FmST  COMPONENT 

RGURE  6 

Joint  Distribution  of  Principal  Components  One  and  Two.  Accommodation 
Analysis,  Composite  Population.  90%  and  99,5%  Ellipses 
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TABLE  12 

Accommodation  Analysis,  Within-Group 
Percentages,  Composite  Population 


Total  Accommodation 


Within-Group  Accommodation 


68AF  White 
Women 

65AF  Black 
Males 

65AF  White 
Males 

% 

85.7% 

100.0% 

99.4% 

99.1% 

Of  the  population  of  males  derived  and  defined  tor  this  study  on  the  basis  of  the  sitting 
height  and  stature  restrictions,  accommodation  is  approximately  equal  for  both  races  (Table  12). 
However,  disaccommodation  is  not  symmetric  for  either  male  group.  For  the  Blacks,  all  those 
who  were  disaccommodated  at  the  99.5%  level  were  found  in  the  upper  left  quadrant  of  Figure 
6  (not  all  shown);  that  is,  they  had  relatively  small  trunk  lengths  coupled  with  extremely  long 
limbs.  For  the  white  males,  all  those  disaccommodated  at  the  99.5%  level,  were  located  in  the 
upper  right  quadrant  of  Figure  6;  that  is,  they  were  large  individuals  with  extremely  large  trunk 
dimensions. 

To  avoid  the  problem  of  differing  accommodation  rates  for  different  populations  it  may 
be  necessary  to  analyze  the  three  populations  separately  and  compare  and  combine  the  resulting 
models.  The  final  analysis  described  here  calculates  model  points  for  each  of  the  three  samples 
separately.  Tables  13  through  15  show  the  percentile  values  and  model  points  for  the  68AF 
white  females,  65AF  black  males,  and  67AF  white  males  at  the  95%  accommodation  level. 
Comparing  the  A  model  points  (long  limb  lengths)  across  the  three  populations,  it  is  obvious 
that  the  black  male  population  exhibits  the  most  extreme  limb  lengths.  It  would  be  unnecessary 
to  design  or  test  using  the  white  male  or  female  model  point  A.  Similarly,  for  model  pxtints  C 
(small  limbs),  D  (large  torso),  X  (short  torso/long  limbs),  Y  (small  all  over),  and  Z  (large 
torso/short  limbs),  the  choice  between  the  three  populations  is  fairly  obvious.  However,  model 
points  B  (small  torso),  and  W  (large  all  over)  are  more  difficult  to  select.  For  Model  B  the 
values  for  Sitting  Height  and  Shoulder  Height  for  the  female  and  black  male  arc  fairly  close  and 
favor  selection  of  the  black  male  model  as  smallest.  However,  the  female  model  has  a  shorter 
Eye  Height  Sitting,  which  in  a  cockpit  environment  can  present  a  more  critical  problem  than 
does  a  short  Sitting  Height.  For  Model  point  W  (generalized  large),  the  white  male  torso  is 
roughly  4  centimeters  larger  than  that  of  the  black  male,  but  the  black  male  has  limbs  roughly  4 
centimeters  longer  than  those  of  the  white  male.  An  inclusion  of  both  models  in  an  expanded 
set  would  be  necessary. 
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TABLE  13 

Two-Component  Representative  Cases: 
White  Females  ('IS'T  Aeeommodation) 


Pereentiie  Values 


D 

c 

D 

Sitting  Height 

2 

20 

98 

Eye  Height  Sitting 

Q 

2 

28 

98 

Shoulder  Height/Sitting  Derived 

B 

B 

23 

96 

Buttock-Knee  Length 

IQ 

2 

34 

Thumb  Tip  Reach 

Q 

4 

31 

Popliteal  Height,  Sitting 

Q 

3 

35 

M 

B 

B 

Z 

Sitting  Height 

Q 

B 

B 

81 

Eye  Height  Sitting 

B 

3 

85 

Shoulder  Height/Sitting  Derived 

Q 

B 

77 

Buttoek-Knee  Length 

87 

96 

13 

4 

Thumb  Tip  Reach 

81 

94 

19 

6 

Popliteal  Height,  Sitting 

Qj 

13 

5 
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TABLE  13  (corn'd) 


Variable  Values 


A 

B 

C 

D 

Sitting  Height 

90.45 

85.19 

87.40 

92.65 

Eye  Height  Sitting 

75.52 

80.84 

Shoulder  Height/Sitting  Derived 

56.09 

61. 35 

Buttock-Knee  Length 

54.79 

58.06 

Thumb  Tip  Reach 

70.51 

74.53 

Popliteal  Height,  Sitting 

45.34 

^^1 

W 

X 

Y 

Z 

Sitting  Height 

85.21 

90,48 

Eye  Height  Sitting 

72.93 

78.80 

Shoulder  Height/Sitting  Derived 

53.90 

.59.17 

Buttock-Knee  Length 

61.21 

62.38 

56.58 

55.41 

Thumb  Tip  Reach 

79.01 

81.32 

73.32 

71.01 

Popliteal  Height,  Sitting 

40.48 

39.60 
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TABLE  14 

Two-Q>mp(incnt  Representative  Cases: 
Blaek  Males  Aceommodation) 


Pereentile  Values 


A 

B 

c 

D 

Sitting  Height 

IQ 

1 

31 

99 

Eye  Height  Sitting 

o 

1 

3(1 

99 

Shoulder  Height  Sitting  Derived 

i 

a 

28 

Buttoek-Knee  Length 

D 

41 

59 

Thumb  ['ip  Reaeh 

-) 

56 

Popliteal  Height.  Sitting 

IQ 

H 

D 

D 

X 

D 

z 

Sitting  Height 

Q 

1(1 

B 

90 

Eve  Height  Sitting 

Q| 

D 

*> 

89 

Shoulder  Height  Sitting  Derived 

97 

D 

3 

85 

Buttoek-Knee  Length 

o 

91 

B 

9 

Thumb  Tip  Reaeh 

94 

B 

B 

Popliteal  Height.  Sitttng 

B 

H 

B 

B 
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TABLE  14  (cont'cl) 


Variable  Values 


A 

C 

D 

Sitting  Height 

88..50 

94.86 

Eye  Height  Sitting 

77.22 

83.59 

Shoulder  Height/Sitting  Derived 

61.67 

Buttock- Knee  Length 

.56.40 

63.16 

Thumb  Tip  Reach 

90.91 

81.09 

72.63 

82.45 

Popliteal  Height,  Sitting 

52.20 

46.20 

41.28 

47.27 

W 

X 

Y 

Z 

Sitting  Height 

94.14 

86.76 

85.15 

Eye  Height  Sitting 

Shoulder  Height/Sitting  Derived 

53.15 

59.45 

Buttoek-Knee  Length 

57.75 

58.64 

Thumb  Tip  Reaeh 

74.83 

75.79 

Popliteal  Height,  Sitting  i 

!  50.98 

50.22 

TABLE  15 


Two-Compimcnt  Representative  Cases: 
White  Males  (95‘T  Aeeommndation) 


Pereentile  Values 


A 

B 

C 

D 

Sitting  Height 

m 

2 

22 

98 

□ 

2 

D 

98 

^ - , 

Shoulder  Height/Sitting  Derived 

- 1 

71 

29 

98 

Buttock-Knee  Length 

Q| 

41 

2 

59 

Thumb  Tip  Reach 

98 

40 

2 

60 

Popliteal  Height,  Sitting 

34 

2 

66 

Q 

X 

D 

Z 

Q 

16 

2 

84 

IQ 

15 

2 

85 

Shoulder  Height/Sitting  Derived 

97 

14 

3 

86 

Buttock-Knee  Length 

m 

90 

5 

10 

Thumb  Tip  Reach 

95 

90 

5 

10 

Popliteal  Height,  Sitting 

Qj 

87 

4 

13 

TABLE  15  (ciint'd) 


Variable  Values 


A 

B 

C 

D 

Sitting  Height 

95.14 

86.96 

90.86 

99.04 

Eye  Height  Sitting 

82.68 

75.00 

78.88 

86.56 

Shoulder  Height/Sitting  Derived 

62.37 

55.54 

59.48 

66.31 

Buttock-Knee  Length 

65.74 

59.73 

54.95 

60.96 

Thumb  Tip  Reach 

88.05 

79.28 

72.38 

81.14 

Popliteal  Height,  Sitting 

48.10 

42.75 

39.20 

44.54 

W 

X 

Y 

Z 

Sitting  Height 

98.78 

90.24 

87.22 

95.76 

Eye  Height  Sitting 

86.21 

78.04 

75.35 

83.53 

Shoulder  Height/Sitting  Derived 

65.75 

58.14 

56.10 

63.71 

Buttock-Knee  Length 

64.60 

63.72 

56.09 

56.97 

Thumb  Tip  Reach 

86.41 

85.09 

74.01 

75.33 

Popliteal  Height,  Sitting 

47.43 

46.16 

39.87 

41.13 

CONCLUSION 

A  preliminary  attempt  was  made,  at  the  conclusion  of  this  analysis,  to  reduce  six  critical 
cockpit  dimensions  to  two  new  measures  (principal  components),  and  to  disaccommodate 
extreme  anthropometric  combinations  as  symmetrically  as  ptrssible,  while  still  applying  the 
sitting  height  restrictions  for  the  current  population  of  Air  Force  flying  personnel.  It  was  also 
found  appropriate  to  equally  weight  the  anthropometric  information  of  the  three  "derived" 
populations  (68AF  white  females,  65AF  black  males,  and  65AF  white  males),  or  to  consider 
each  population  separately  and  combine  the  results.  The  issue  of  designing  a  workstation  based 
on  the  anthropometries  of  a  composite  user  population  is  an  important  one.  It  requires  a 
multivariate  approach,  additional  survey  data,  and  of  course  some  reliable  estimates  of  the 
actual  proportions  of  males,  females.  Whites,  Blacks,  and  others  in  future  user  populations. 
Depending  on  the  extent  of  international  application,  some  analysis  of  the  anthropometries  of 
additional  populations  may  also  be  required. 
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